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The objective of this study is to determine experimentally the
effect of fast neutron and electron induced defects on the diffusion
properties of lithium in silicon. The effect was determined by irradi-
ating lithium diffused diodes and subsequently applying a reverse bias
to the junction at a constant temperature.

Experimental results show that fast neutron and 0.9 MeV electron
induced vacancies provide sites for the precipitation of lithium. More-
over, the lithium vacancy precipitate behaves like a solute in equilib-
rium ions and ionized vacancies. The analysis of the lithium vacancy
precipitate in this fashion is analogous to the analysis of slightly
soluble salts in water.

The lithium diffusion coefficient for silicon exposed to fast

14

neutrons, Ny = 1.1 to 2.7 x 10 neutrons/cmz, can be expressed

e-O.83/kT

D = 7.0 x 1012 cmz/sec .

Ny

The range of (T) in the above expression is from 300° to 410°K.

It also was shown that the motion of lithium in silicon was not
affected by slow neutron irradiation.

In addition, the lithium diffusion coefficient for silicon

15 2

exposed to 0.9 MeV electrons, Ny = 5 x 107~ to 3.3 x 1016 electrons/cm”,

can be represented by

vii



18 _-1.03/kT on?/nec
N *
The range of T in the above expression is from 300° to 330°K.
Relative radiation damage between neutrons and electrons was
found to be in reasonable agreement with predictions based on radiation

damage theory.

viii



CHAPTER 1
INTRODUCTION

Solid state detectors have become indispensable in the detection
and study of nuclear radiation. Successful fabrication and operation of
these detectors is dependent on the purity and quality of single crystal
silicon and germanium. For junction and surface barrier detectors, the
radiation sensitive thickness of the detector is directly proportional
to the one half power of resistivity of the silicon or germanium. The
purest n-type detector grade silicon available at present has a resis=
tivity of 10,000 ohm-centimeter. Detectors constructed of this material
are suitable for heavy charged particles, but do not have sufficient
sensitive thickness to be employed in electron or gamma spectrometry.

The process of drifting lithium in silicon to produce highly com-
pensated regions of high resistivity was developed by Pell.l’2 With the
use of lithium drifted silicon, detectors can be developed that are
suitable for electron and gamma spectrometry. The drifting procedure is
accomplished by the application of areverse bias to an n-p silicon junc-
tion in which the n-side is lithium doped by diffusion, and the p-side
is doped with acceptor atoms. Under the influence of the applied elec-
tric field the lithium will move (drift) from the n-side of the junction

to the p-side. As it drifts the lithium will interact with the




substitutionally bound acceptor atoms and produce a region of very high
compensation. The lithium drifting technique can be employed to create
p~i-n detectors or provide material for surface barrier
detectors.B’l"’5’6’7’8’9
The increased sensitivity of the lithium drift detector is accom-

10,11 The increased

panied by greater susceptibility to radiation damage.
susceptibility is due to larger sensitive volume and the low electric
fields employed.* The operating bias voltage of the lithium drifted
detectors is limited by the noise level of the detector since motion of
lithium and thermal noise at high reverse bias creates a poor signal to
noise ratio. The above factors will be correlated with radiation damage
susceptibility in subsequent discussion.

Investigation of the radiation damage in lithium drifted detec-
tors has been performed with electrons, gamma rays, neutron, proton,
deuteron, and alpha particles.lo’u’lz’13 In all cases the damage was
evident by the increase in noise level, decrease in carrier lifetime and
decrease in detector resolving power and collection efficiency. Exten-
sive bombardment will render the detector inoperable.

The operation of a semiconductor detector is similar to the oper-
ation of an ionization chamber. Two collectors, the n- and p-sides of

the junction, are separated by a depleted region of high resistivity.

Incident radiation in the depleted region creates electron-hole pairs

*The reverse bias applied to lithium drifted detectors is typi-
cally a few hundred volts compared to a few thousand volts for non-
lithium drifted detectors.



which are swept to the p- and n-side of the junction by an applied
reverse bias. This rapid accumulation of charge produces the detector
output signal. Radiation damage in the depleted region is produced when
incident radiation creates vacancies and interstitials which in turn act
as electron and hole traps. The traps reduce the carrier, electron or
hole, lifetime. It is obvious when the trapping length for electromns
and holes becomes less than the depletion width all of the charge is not
collected and the detector has poor resolution. Lithium drifted detec-
tors with larger depletion widths are consequently more susceptible to
radiation damage.

The collection efficiency of a p-i-n junction detector can be

expressed as follows:

N = #———:E [1- eXP(-wp‘TE) ] W

In the above expression ﬁL represents the mobility of the car-
rier, T 1is the carrier lifetime, E is the field strength in the
depleted region, and w denotes the width of the depleted region. For a
large collection efficiency, 77 , the trapping length, }LKTE, must
be much larger than the depleted region width, w.

Methods to reduce the radiation damage have not been signifi-
cantly successful. Scott found that masking the edges of the detector
from incident radiation reduced its sensitivity to damage.12 In addi-

tion, detectors kept under reverse bias were damaged less than detectors




exposed without bias. Mann irradiated lithium drifted detectors and
found the threshold for deterioration of response to occur at 108
alphas/cmz. He also demonstrated that the detectors could be redrifted
and restored to their original condition even after exposure to 1012
alphas/cmz.13 Radiation defects in silicon are relatively stable at
temperatures below 200°C.15 Since Mann redrifted detectors between 135
and 150°C, thermal annealing of the defects is unlikely. The effective
annealing must be due to a lithium-defect interaction.

It is essential to investigate the diffusion and mobility of
lithium in silicon in order to comprehend the parameters involved in the
selection of material for suitable solid state detectors. Furthermore,
it is necessary to analyze lithium-defect interactions in order to eval-
uate the performance of lithium drifted detectors.

When lithium is introduced into silicon a shallow donor level
0.33 ev below the conduction band is created. Lithium ions are small
(0.68 X) and easily jump between interstitial sites as shown by its
large diffusion coefficient. The mobility of lithium in silicon is
critically dependent on the number and type of impurities. The analysis
of lithium-acceptor interactions in silicon was performed by Reiss, et
al,16 who demonstrated that the lithium interacts electrostatically with
the impurities, forming ion pairs that are immobile (contrasted with
unpaired lithium) and hence reduce the effective diffusion coefficient
of lithium in silicon.

Just as impurities in semiconductors drastically affect the

mobility of lithium, defects also have a pronounced effect on the



movement of lithium in silicon. Initial studies on the interaction of
impurities and dislocations in semiconductors employed copper ions in
L. ) 17,18,19,20,21

silicon and germanium. Dash found that copper accumulated
about dislocation lines and concluded that the copper precipitated at
vacancy sites generated by such dislocations. This process will be dis-
cussed in Chapter II.

Resistivity studies on silicon and germanium saturated with lith-
ium showed that the kinetics of lithium precipitation at vacancy sites

.\ 3/2 22,23 P -

followed an exp(time) law. The precipitation of lithium at
radiation induced vacancies in silicon was first reported by Vavilov et

26,27
al.

Upon electron and neutron irradiation of silicon saturated
with lithium, Smirnova and Chapnin, with the use of Hall measurements,
noted changes in the rate of production of various energy levels and
attributed the lack of generation of acceptor energy levels in the range
0.05 to 0.23 ev above the valence band due to the precipitation of
lithium.1

Diffusion in solids can take place via defects in the crystal.
Irradiation of silicon increases the number of defects which accelerate
this diffusion process, but Lomer demonstrated that this increased
mobility is a microscopic phenomena and not generally detectable with
macroscopic diffusion measurements.
The lithium diffusion coefficient has been measured in intrimsic

8,29 and it has been

2
and boron doped silicon with ion drift techniques
shown that the diffusion coefficient is reduced in doped silicon because

immobile lithium-boron pairs are formed.



The quantitative effect of silicon defects on lithium mobility
has not been determined to date. Attempts have been made to correlate
the diffusion coefficient with dislocations introduced during crystal
growth. However, this method was unsuccessful because the dislocations
were not isotropically distributed.

The purpose of this work is to determine the lithium diffusion
coefficient in irradiated silicon and to study the lithium-vacancy inter-
action which reduces the lithium mobility. Irradiation of silicon with
fast neutrons or high energy electrons produces isotropically distrib-
uted vacancies.

Lithium in irradiated silicon will either form pairs (P) with
the vacancies, or precipitate (8) at the vacancy sites. Both of these
interactions will reduce the lithium mobility in silicon.

With ion drift techniques, the mobility of lithium in silicon
can be measured and the fraction of lithium ions paired (P/N) or the
fraction precipitated (S/N) can be found from the ratio of the lithium
mobility in irradiated silicon to the lithium mobility in intrinsic
silicon (see Chapter II).

Lithium-vacancy pairs and lithium-vacancy precipitate have dif-
ferent equilibrium relations. Both of these relations can be expressed
in terms of (P/N) or (S/N). It is possible to determine whether the
lithium pairs or precipitates by evaluating the equilibrium expressions

with measured values of (P/N) and (S/N). This is done in Chapter IV.




CHAPTER 11

GENERAL THEORY

A. Ionization of Impurities in
Semiconductors

This section describes the similarity between the action of
impurities in semiconductors and the action of acids and bases in water.
The expressions for ionization and equilibrium are presented along with
the conditions necessary for this analogy to hold.

When lithium is introduced into silicon it ionizes in a way sim-
ilar to the ionization of a weak base in water. Complete ionization
occurs if the silicon is not saturated with lithium. The following
ionization equations can be written for lithium and boron atoms in

silicon:

Li(si) == Li' + e ¢))

B(Si) =— B + e (2)

In the above equations Li(Si) represents atomic lithium in silicon, L{+
represents ionized lithium in silicon, and e denotes an electron liber-
ated by the ionization. Similarly, B(Si), B~, and et represent atomic
boron, and ionized boron atom, and a hole liberated by the boron

ionization.




Lithium in silicon is analogous to a base in water since it
liberates an electron which corresponds to a hydroxyl ion, OH™. Boron
is analogous to an acid because it liberates a hole, é+, which has prop-
erties similar to the hydronium ion, H+. Appendix A gives a quantita-
tive description of the semiconductor-water analogy.

For example, for weak acids and bases in water

NH4OH =2 NH,' + OH (3)
—>
‘—

+

HCpH302 CoH30,” + H (4)

According to the law of mass action, the equilibrium relation

for the ionization of ammonium hydroxide is

[vm, " ][on"]
[ NH,;0H]

= K (5)

in which [NH4+], [OH"], and [NHAOH]’ are the concentrations of the ammo-
nium ion, the hydroxide ion, and the ammonium hydroxide, respectively.
The equilibrium constant, K, is independent of the concentration of
ammonium hydroxide and dependent only on temperature.

Similarly, the equilibrium relation for the ionization of lith-

ium is silicon is

[Lif)fe”]
[Li(si)]

= K15 (6)




The total concentration of lithium, NLi’ is equal to the concentration
of the atomic lithium and the ionized lithium, i.e., Ny, = Li* + Li(Si).

With this relation equation (6) becomes,

[1it][e™] _ K . ¢)!
[Np;-1i*] L

1

If K;; is a true equilibrium constant, it must be independent of
the lithium concentration. This can be shown with the use of Fermi
statistics. The concentration of atomic lithium, [NLi - Li+], is actu-
ally the density of electrons in the donor level for a semiconductor
material.

Ng

INg;Li*] i

(8)
(1 + Jexpl (Bp-Ep)/kT] )

In equation (8), Ep is the energy of the lithium donor level, Ep is the
Fermi level, k is the Boltzmann constant and T is the absolute
temperature.

The total density of electrons in the conduction band is

Z"'j
e = 4 (9
e (1 + exp[ (E;~Ep)/kT] )

In the above equation aj is the density of levels of energy Ej in the
conduction band. It should be noted at this point that Eg, the Fermi

level, depends on {NLi - Lf+] and [e”]. The Fermi level is dependent on



T e

10

the concentration of lithium in the semiconductor and cannot be present
in the final expression for KLi'

The unity in each of the Fermi density expressions can be con-
sidered small compared to the exponential terms if the assumption is
made that E, and Ej are much larger than Ep. Physically this means that

the donors are almost completely ionized.

[Ny, -Li"] = oy R/KT SEp/KT (10)
[e7] N A (1)
3

Rearranging equation (10), the expression for the concentration
of ionized lithium atoms becomes

[Li+] = NLi{ 1 - ZeEF/kT e-ED/kT ] (12)

Again neglecting the term -2eEF/kT e'ED/kT because (Ep - Ep) is large .

and negative, equation (12) reduces to

in

N

[1i"] - (13)

Finally, substituting equations (10), (11), and (13) into equa-
tion (7), the equilibrium expression for the ionization of lithium in

silicon becomes

zaj o~Ej/kT

, J (14)
Li > oEp/kT

m
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The equilibrium constant, KLi’ does not contain Ep, hence is

j? and

Ep are constants also independent of concentration. The expression for

independent of the concentration of lithium. The quantities Ej’ a

K; ; given in equation (14) is valid under the condition that the ioniza-
tion of the donors and acceptors is nearly complete.

The hole liberated by the ionization of a boron atom and the
electron liberated by the ionization of a lithium atom also are in

equilibrium.

et + e = [e+e-] (15)

This corresponds to the equilibrium of H" and OH" in water.

o+ o = [ator™] (16)

Applying the law of mass action, equation (7), to the lithium

ionization, the equilibrium

Li(81) = it o+ e
will be driven to the right due to the removal of e~ by the formation of
[ete=]. For K;; to remain constant, see equation (7), when [e7] is
reduced, [Li+] must increase. Because the ionization of boron liberates
é+, the solubility of lithium in silicon will increase due to the pres-
ence of boron. Conversely, if phosphorus is present in the silicon
instead of boron, the solubility of lithium will decrease because the

ionization of phosphorus liberates an e~ driving the lithium ionization

to the left.
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P(si) = PP+ e (17)

In summary of the discussion regarding the ionization of impuri-
ties, consider all of the equilibrium reactions discussed in this sec-
tion, equation (18), in terms of transitions on an energy level diagram,
Figure 1.

@
Li(si) =
+
)
=

B(Si)

e e (18)

As shown in Figure 1, transition (D between the lithium donor
levels and the conduction band corresponds to the ionization of lithium.
Transition (J) corresponds to the ionization of boron and tranmsition (@

represents hole-electron recombination and generation.

B. Ion Pairing

This section develops the relevant relations for lithium-boron
pairing. The equilibrium constant, Kp, for an ion pair can be described
in microscopic quantities, equation (41), or in macroscopic quantities,

equation (23). Experimentally measured values of P/N can be used to
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find K.p with equation (23). After Kp is found, (a), the distance of
closest approach of the ion pair can be calculated using equation (41).

The formation of an ion pair can be represented as follows:

Lit + B- — (Lits-]
N, # lithium ions N, # boron ions P, # ion pairs
P cm3 cm3

A mass action relation can be written for the above equilibrium
by comparison to an electrolyte in water, see equation (5). If [Li*B-]

is represented by [P], then

el _

[Li*] [87] “p (20)

The total number of lithium ions, N, is equal to the number of paired
plus the number of unpaired lithium ioms. Similarly, the total number
of boron ions, N, is equal to the number of paired plus the number of
unpaired boron ions. Also assume that the total number of lithium ions

is equal to the total number of boron ioms.

N = it + P N = B + P (21)

e

The quantities [Li+] and [B”] can be eliminated from equation (20) with

equation (21).
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_[»] _

[N-P ]2 KP (22)
L B/N] _ g (23)
N[ 1 - B/N]? B P

Equation (23) describes the equilibrium constant, Kp’ in terms
of the fraction of ions paired, P/N.

Microscopic analysis of ion pairing was done by Bjerrum,2
Fuoss,3 and Reiss.4 The work by Reiss is the most rigorous; however,
the equations derived by the Bjerrum-Fuoss theory are easier to manage.
The difference between the Reiss and Bjerrum-Fuoss analysis is minor
except in the range of very high (>200°C) or very low (<0°C) tempera-
tures. Since this set of experiments was conducted in the temperature
range 30°C to 100°C, the Bjerrum-Fuoss theory will be applied.

At the equilibrium in a silicon medium containing equal concen-
trations of positive lithium and negative boron ions, each boron ion
will have another ion as a nearest neighbor at a distance (r) away. Let
g(x)dx be the probability that a nearest neighbor lies in the shell
4‘ﬂ'x2dx about the boron ion. If the nearest neighbor is a lithium ion,
the volume 4'ﬂ'r3/3, about the boron ion, must be devoid of ions, and
the shell 4 ‘Frzdr must be occupied by a lithium ion. Because g(x)dx is
the probability that a nearest neighbor lies in the she11¢417“x2dx, the

probability that a nearest neighbor does not lie in this shell is
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1 - g(x)dx. The probability that the volume 4 77 r3/3 is empty is given

r
1 - f g(x)dx (24)
a

In the above equation, (a) is the distance of nearest approach of the

by the following equation,

E(r)

i

two ions.

The probability that the shell 4 77 r2dr is occupied by a lithium
ion depends on the concentration of lithium ions at (r). This concentra-
tion will exceed the normal concentration, N, by an amount depending on
(r), because of the coulomb attractive force between the lithium and the
boron. If the concentration of the lithium ions at (r) is given by

p(xr), the probability in question becomes,

P(r) = 4wr’p(r)ar (25)

Finally, the probability that the nearest neighbor is a lithium ion in

the shell 4% r2dr is a product of equations (24) and (25).

i

g(r) E(r)P(r) (26)

r

[1- | egx)ax Jawr?p(r) 27

g(r)

The solution to the above integral is obtained as follows:
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Substitute I = fg(x)dx into equation (27).

a1 (28)

L = (1 -1

Rearrange the above equation and multiply by an integrating

2
factor 2% ] X p(x)dx |

T r hy

2 2 . 5
4
a1 A7 x"p(r)ax I4vr2p(r)e4 x p(x)ax _ 41‘fr2p(r)e4"-[x p(x)dx
dr (29)
The following relation is obtained from equation (29) by combin-

ing the differential on the left side of the expression and integrating.

r r

2 2
1 A7) x p(x)ax _ A7 Ixp(x)ax N c (30)

The constant of integration, C, is evaluated at r- a, where I = 0. Con-
sequently, (C) equals -1. r
2

Multiply equation (30) by e AVIX P(x)dx ;44 differentiate to

obtain the following solution to equation (27)

xr
a1 g(r) = 4ﬂr2p(r)e-4f x2p(x)dx (3D
dr

The quantity p(r) must be determined to evaluate g(r). This can
be accomplished by assuming coulomb interaction between a pair of near-

est neighbors. Interaction between the next nearest neighbor is



18

ignored. The coulomb energy of the lithium-boron pair is

- o’ /K (32)

in which K is the silicon dielectric constant and q is the charge of the
lithium and boron ion. The concentration of the lithium ion, according

to Boltzmann's law, at a distance (r) from the boron ion is

p(r) A exp(qZ/KkTr)

k

Boltzmann's constant (33)
The constant (A) in equation (33) is found to equal (N) by applying the

boundary condition that p(r) must equal (N) at large (r). Equation (33)

then can be written

N exp(q2/K¥KTr) (34)

p(r)

The final expression for the probability that a lithium nearest neighbor
is in the volume shell 477 r2dr about a boron ion is obtained by substi-

tuting equation (34) into equation (31).

r
g(r) = 4ﬂr2N exp[qz/}{kTr] exp[—4‘VN-£x2 exp‘(’qz/)fka)dx ] (35)

The function g(r) gives the fraction of lithium nearest neigh-
bors that lie in the spherical shell of volume A’V’rzdr about a boron

ion. A plot of g(r) is shown in Figure 2, where (a) represents the
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Fig. 2.--Equilibrium distribution of lithium nearest neighbors
about a boron ion.
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distance of closest approach between the lithium and the boron ion. Ion
pairs are defined as all sets of neighbors separated by less than dis-
tance (b) apart.

To relate KP to microscopic quantities, a dilute solution must
be considered. In this case the number of lithium and boron ions, N, is

small and the number of pairs, P, tends toward zero. Equation (22)

becomes
P (36)
e -

or
£ = (37)
r = %

The fraction of paired ions, P/N, is also given by the
expression;

= oo

r
= f g(r)dr (38)

a

Substitution of equation (35) into equation (38) yields the following

expression for the fraction of ions that are paired;

r
r
% = f4fr2N exp(qz/}(kTr)exp[-MN‘[xzexp(qz/}(ka)dx ] ar (39)
’ a

For small (N) the exponential factor containing the integral in

equation (39) can be replaced by unity.
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r
—g— = MN‘[ rzexp(qz/KkTr) dr (40)

The equilibrium constant is obtained by combining equations (37) and

(40).

r
K, = 41;’~ rzexp(qz/KkTr) dr (41)

a

To calculate (a) it is necessary to know (KP). The equilibrium
constant can be found from P/N as shown in equation (23). The fraction
ions paired, P/N, is found from the experimentally determined lithium
mobility in the following manner: (The method by which lithium mobility
is obtained from data is explained in section D.)

The overall mobility, H. m, of the lithium ions in silicon is
given by equation (42) if it is assumed that the paired ions represent
neutral complexes that are immobile because the boron ions are substitu-

tionally bound in the silicon crystal lattice.

it

JLY [TRREZ RS VA3

(42)

or

KoIv 2]+ pLle]

=
Z
1}
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In the above equation, ﬁk) is the mobility of the unpaired lithium
\i
ions, and }L is the mobility of the pairs, which is assumed to be

zero. From equation (42)

L= L1 -] (43)

The fraction of paired lithium ions in boron doped silicon can
be calculated from the ratio of the lithium mobility in boron doped

silicon to the lithium mobility in intrinsic silicon.

PN = 1 - M/, (44)

At a constant temperature P/N can be calculated from a ratio of

the lithium diffusion coefficients since D = “ Kz
e

P/N = 1 - p/d°
(45)

To determine whether or not lithium pairs with an irradiation
induced vacancy, P/N 2 is plotted versus N (see equation 23),
using values of Pfé ;aiégiated from data obtained with irradiated
samples. Since Kp is a constant, this plot must be linear if the lith-

ium pairs with the vacancy. 1If the plot is not linear, the lithium does

not pair with the vacancy. This calculation is performed in Chapter IV.
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C. Lithium-Vacancy Precipitation

In this section, the relevant relations (equations 47 and 54)
for lithium-vacancy precipitation are developed by comparison to an
insoluble salt in water.

Lithium in silicon can be considered as a solution in which
lithium ions are free to move from one interstitial site to another. An
ion moving into a silicon vacancy, traps an electron, becomes atomic
lithium and is immobile. This is similar to the precipitation of silver
in a solution containing chlorine ions. The situations are not identi-
cal because the silicon vacancies are immobile so the lithium-vacancy
precipitate, does not move but remains suspended in the crystal lattice.

In both cases the precipitate is in equilibrium with the ionms,

g+ O —0— (46)
Lt + 1 = s

(47)

In the above expression it is assumed that only one lithium pre-
3 3 3 5
cipitates at each vacancy site.

The solubility product is an expression which describes the ion

concentrations for partial ionization of AgCl.

+ -
[ag" ™ ] = Ky ge1 48)
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Equation (49) describes the lithium ion concentration in terms

of a solubility product.

(L™ ){o"] = kg
(49)
Equations (48) and (49) describe saturated solutions.

Any alteration of the ion concentrations [Li+] or [D7}, results
in a spontaneous readjustment of the equilibrium by dissolution or pre-
cipitation so that the ion concentration product remains constant. The
equilibrium constant K; is a constant dependent only on temperature.

The quantity NLi is defined as the total number of lithium atoms,
both ionized and precipitated, and Nj is the total number of vacancies,

both ionized and associated with lithium atoms.

L (50)

D (51)

Substitution of equations (50) and (51) into equation (49)

yields the result,

Il
™

[NL - S][ND - 5] s (52)

In a region where the number of lithium atoms and number of

vacancies is equal, equation (52) can be reduced to
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2
[N-s5] = K
(53)
N = NLi = ND
Rearrangement of equation (53) results in the following expression:
[ ] : '
NL1-S8)N = K = K
/ s s (54)

To evaluate this model, S/N, the fraction of lithium precipi-
tated, must be determined. This is accomplished in the same manner as
d iscussed previously (see equations 44 and 45). If the precipitate is
assumed immobile, the overall mobility of the lithium in silicon with

radiation induced vacancies will be

L= }16{1-3/N] (55)

The fraction of lithium atoms precipitated is calculated from
the ratio of mobility of lithium in irradiated silicon, }L , to the

mobility of the lithium in unirradiated silicon, }lo .

S/N

1= M, (56)

In terms of diffusion coefficients

S/N p/D° (57)

I
o—h
|
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To determine whether or not lithium precipitates at a vacancy
site, (1 - 8/N) 1is plotted versus 1/N (see equation 54) using values
of S/N calculated from data obtained with irradiated samples. Since K;
is a constant, this plot must be linear if the lithium precipitates at
the vacancy sites. If the plot is not linear, the lithium does not pre-
cipitate at the vacancy sites. This calculation is performed in

Chapter 1IV.

D. Determination of Lithium Ion Mobility

The lithium mobility in silicon must be known in order to calcu-
late P/N, Kp’ a, S/N, and K;. This section describes the method used to
find the mobility. An expression is derived, equation (83), by which the
mobility can be calculated from the measured capacitance of a silicon
diode. The diode capacitance is plotted as (103/C)2 versus drift time
and the derivative of this curve provides the predominate factor in
equation (83).

The ionic mobility of lithium can be determined from the drift
(motion) of lithium ions in an electric field. The electric field in a
p-n junction under reverse bias is high and it might be surmised that
the motion of lithium ions would be observable if it were present in a
p-n junction. If a diode is prepared using boron as the acceptor (p-
side) and lithium as the donor (n-side), the junction region is an area
where the number of lithium ions is equal to the number of boron ions.

A diode can be formed by diffusing lithium into boron doped
silicon. (Details of the method of diode construction and crystal prep-

aration will be discussed in Chapter III,) The dependence of the
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lithium concentration, NLi’ on space and time within the crystal is

expressed by the diffusion equation;

i 2
E)t = D\7 NLi (58)
D = diffusion coefficient

Equation (59) is a solution to equation (58) for the following

conditions:

1. The lithium concentration at the surface of the crystal remains
constant throughout the diffusion period, and equal to No'

2. The crystal is instantly heated to a temperature T, for a period
of time toe

3. At time t, the crystal is instantly cooled to ambient tempera-
ture.

4. The diffusion coefficient at temperature T is D.

5. The crystal is considered a semi-infinite solid.

6. The distance (x) is measured from the surface of the crystal
inward.

1
_ 2
L = N erfc[x/2 (D t,) ]

(59)

Figure 3 is a plot of equation (59) and illustrates the lithium
distribution after the initial diffusion.

When a reverse bias is placed across the diode (at a drift tem-

perature much lower than the initial diffusion temperature), the
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N
Lithium or Boron /_ B
Concentration

€ e e

Surface of Crystal

Fig. 3.--Lithium distribution (Nyj) in silicon after an initial

diffusion period t,. The quantity Np represents the boron concentration
in the silicon.



29

electrostatic field present in the space charge region near (xo) will
exert a force tending to move the positively charged lithium ions from
the n-side of the junction to the p-side.

In the junction area the motion of lithium due to diffusion is
negligible compared to the motion of the lithium due to the electro-

8
static field:
EfN,; > DAy, (60)

The large electrostatic field exists only in the region where
N;; is approximately equal to NB and the number of lithium ions per cm2

drifted across the junction in time t, is expressed by

E“’“Li t = EMUNgt (61)

As lithium drifts across the junction its concentration to the
left of (xo) will decrease and its concentration to the right of (xo)
will increase. In this process the lithium will form ion pairs with the
substitutionally bound boron. It is imperative to observe that Np; to
the left of (xo) cannot decrease below N;. This is illustrated in
Figure 4. Excess boron ions to the left of (xo) would alter the space
charge causing the lithium ions to move into it until the number of
lithium ions equaled the number of boron ions. For the same reason it
can be ascertained that the lithium ion concentration cannot rise above
Ny to the right of (xo).

The gradient of the lithium concentration at (xl) and (XZ) in

Figure 4 can be approximated by straight vertical lines because of the
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Lithium or Boron : ”"“&, I/_
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-
T
X| XO x2

Surface of Crystal

Fig. 4.--Lithium distribution (Npj) in silicon after a period of
ion drifting, t.
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large field present between these two points. The concentration gra-
dient in the zero field region at (xl) supplies the lithium ions by dif-

fusion to the drift region
DVNLi = BN, (62)

The amount of lithium drifted in time (t) is represented by the

cross-hatched area in Figure 4 and the following expressions

t Xo
f EfLNgdT f N; ax - [x, - xIng (63)

0 x,

It

t

f EfLNpdt
0

Equation (65) is obtained by substituting equation (59) into

*2
[x2 - xO]NB —f Nlex (64)
X

[o)

equation (63).

t X

(o)
1
J; E(LN, dt = f N, erfe[x/2(Dyt,)%] ax - (x, = x N,
X
1

(65)

The integral on the right hand side of equation (65) can be integrated
by parts. The equation for the amount of lithium drifted in time (t)

following this integration is
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t
1 1
.l:EVJNédt = onoerfc[xo/Z(Doto)z] - x1Noerfc[x1/2(D0to)2]

+ﬁé¥p(Doto)%[exP(‘x%/4Doto) - exp(—x§/4Doto) ]

—(XO—X1)N (66)

B

For long drift time the co-error function term in equation (66)

can be expanded as follows:

..x2 —xz
erfc x = e - e teeccacottsescaes
T 2N (67)

This expansion reduces equation (66) to equation (68).

%
fE/,LNB at = ANy (Doto)3/? _x;_ exp[ (x2 - x5)/4Dt ] - 1
Jo

oV

(68)
X exp[-xg/4Doto ] - (x, - x1)NB

To reduce equation (68) it is necessary to evaluate Ng in terms
of (x,). This can be accomplished by expanding equation (59) with equa-

tion (67) and applying the boundary condition at x = x Ni; =N

0? 1 B*

1

NLi = [ZNO(DOtO)z/xJ;Y—.] GXP( -x2/4D0t0 ) (69)
1

NB x~ [ZNO(DOtO)z/XJ'?] exp( —x(z)/4Dot0 ) (70)
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Substitution of expression (70) into (68) yields

t
.‘. EfLNBdt = gHBigoiol _zé exp[(xg - x%)/4Doto] -1
0 o * (71)
- (x4 - x, )NB

If (Z) is defined as 2D0to/xo , the equation for the amount of lithium

drifted in time (+) becomes

t
2 2 2
.I.EyLdt = Z| x5 _ exp| (x, - x7)/4Dt, 1-1] & X, - X, (72)
x2
0 1
A similar expression can be derived for the amount of lithium

drifted in time (t) utilizing the right half of the junction.

t

.2 2

pr.dt =TZ|1 - x5 exp[ (x5 - xg)/4Doto 11 + X, = X5 (73)
0 *2

The desired expression for the mobility of lithium in terms of
junction capacitance can be derived from equations (72) and (73). For
8
long drift time (t), (several hours), (x§ - x§)22>4D0t0. With this con-

dition equation (73) reduces to
t

.I. E}Ldt = X5 -X%X, -1 (74)
0

If (V) is the reverse voltage applied across the junction and (W)
is the width of the junction the electrostatic field in the junction is

given by V/W.

t

Gg;Ldt = Xp =X, -7 (75)
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The following equation arises from equating equation (74) to

equation (72).

2 2 2
Z (xo/x1) exp[(xo - x1)/4D0to] -1 +x -X5= X3 —X5 =2

(76)

The junction width (W) is equal to (%9 - xl) so equation (76) becomes

Z (xo/x1)2 exp[(xg - x$)/4Doto]

I
=

a7)

For long drift time the junction primarily expands to the right,
8
consequently X, = ¥ Taking the logarithm of equation (77) and

employing this approximation

Ln (W/Z) = Xo + xy__ (x5 ~x1 ) (78)
4D t,

Under the consideration that (xo + xl)/4Doto is approximately

ZXO/ADot0 and that Z = 2D°to/xo, equation (78) becomes

Xy - Xq Z Ln (W/Z) (79)

o

Equation (79) and (75) can be combined to eliminate the quantity

W —-2Z-2Z1Ln (W2Z)

(80)

t
.‘. (%);1,dt
0
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Differentiation of equation (80) with respect to time and sub-
sequent rearrangement yields an expression for the lithium mobility in

terms of the junction width and reverse bias.

o= 1-7Z/W|, d¥

v at D
or
= 1 - Z/W| aw?
H 2V at

The capacitance of a junction is inversely proportional to the

junction width as shown below

c = k€, A (82)
v

-
m

o
]

the permittivity of silicon

>
n

area of junction

Insertion of equation (82) into (81) yields an expression for

lithium mobility in terms of junction capacitance.

L= E(X-2/4,) & (0%/c)?
2V at

(83)

In the above equation (C) is the junction capacitance measured
in pico-farads, (Z) is equal to 2Dot°/xo as previously defined, and (V)
is the applied reverse bias measured in volts. The quantity (X) is pro-

portional to the junction area as shown below.
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X = (keoA) x 1o3

(84)

Finally, (WA) represents the average width of the junction during the
time the slope g_(103/0)2 was measured and is expressed in units of
(103/0). a*

In order to find the lithium mobility, the junction capacitance

(103/C)2 must be plotted versus the drift time, (t), and the slope of

this curve measured, g_(103/C)2.
dt

This concludes the theory section. Further elucidation of some
quantities discussed can be found in Appendix B, sample calculations.
In particular, this applies to the quantities introduced in equation

(83).



CHAPTER III

EXPERTMENTAL PROCEDURE

A. Diode Preparation

This study required the use of silicon as free from defects as
possible. Previous studies indicated that lithium could not be drifted
in silicon having a dislocation density greater than 30,000/cm2.1 The
silicon selected for this study had a boron concentration of 1.6 x 1014
atoms/cm3 (100 ohm-cm) and an oxygen concentration below 5 x 1012
atoms/cm3.

To prepare a diffused junction, a silicon wafer (20 mm diameter
x 2 mm thick) was first lapped to remove scratches, then ultrasonically
cleansed and finally degreased in carbon tetrachloride. Lithium-in-oil
suspension was subsequently brushed onto the lapped surface and dried at
150°C in a diffusion furnace. (See Figure 5.) The wafer was pushed
into the center of the furnace (420°C) after the drying period, and the
lithium diffused into the crystal. The wafer was then quickly removed
from the furnace and dropped into a beaker of methyl alcohol for
quenching.

The surface was again lapped to remove pits caused by lithium
diffusion. The uniformity of penetration was evaluated by measuring the
surface resistance with a two point probe. Diodes with resistance

greater than 200 ohms on the n-side were discarded.

37
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The two point probe measurements indicated that the lithium was
not distributed uniformly to the edge of the wafer. For this reason the
edge portion of the diode was removed by dicing the crystal into four
small samples which measured 0.25 inches square. (See Figure 6.)

Nickel contacts were applied to the diodes by electroless plat-
i.ng2 after the dicing operation. Next, a solution of Apiezon W wax in
trichlorethylene was painted on the two sides of the sample and allowed
to dry. The nickel on the edges of the diode was removed with a mixture
of HNO3 and HF and then the protective Apiezon wax was removed, complet-
ing the diode preparation (see Figure 7).

The small junctions were tested individually with a reverse bias
of 100 volts. Diodes with less than 50 microamperes reverse current

were used in this experiment.

B. Neutron Irradiation

Samples were neutron irradiated in an empty core position of the
Ford Nuclear Reactor for periods of five to thirty minutes at two mega-

011 neutrons/

watts reactor power level. The epithermal flux was 2 x 1
cmzsec and the cadmium ratio was 10.

The diodes were wrapped in rubber diaphrams and placed in poly-
ethylene bottles that were ballasted with bismuth metal. Neither the
silicon nor the nickel contacts were noticeably activated because of the
short exposure duration and small absorption cross sections of silicon
(0.12 barns) and of nickel (4.6 barns).

To isolate effects produced by thermal neutrons from effects

produced by fast neutrons, identical samples were irradiated with and
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Fig. 6.--Dicing the wafer diode.
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Fig. 7.--A prepared lithium diffused diode.
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without a 0.040 inch cadmium cover. The difference between changes pro-
duced by reactor irradiation without a cadmium cover and with the cad-
mium protector was interpreted to be the effects produced by thermal
neutrons.

Gold foil technique was used to determine the neutron flux in
the reactor. Two gold foils (approximately 1/8 inch square by 0.001
inch thick) were included in each sample bottle, one with a cadmium
cover and the other bare. Activation of the gold was measured with a

198

3 x 3 inch Nal:T1l well counter. The rate of production of Au s R, for

the bare and cadmium covered foils is3

R = C_/f N
(1 - e At~ AR2 (1)

In the above expression, (C) represents the specific activity of
the gold, corrected for background, and (f) is the efficiency of the
well counter (52.2%). In the exponential terms, (tj) is the reactor
exposure time, and (t2) denotes the time interval between removal of the
sample from the reactor to the measuring of the gold activity. Finally
( )\) expresses the decay constant for gold (1.07 x 1012 hr-l).

From equation (1), the thermal, Cbth , and fast, qui

fluxes of the reactor can be calculated.

dkh. = (Rp - R¢) (2)
€Ny<Ga>th

RC
€ Ny<Oa>epi

dDepi 3)
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In equations (2) and (3), Ry represents the rate of production

of Au198

Au198 in the cadmium covered foil. The quantity (€ ) is a flux depres-

in the bare gold foil and R, denotes the rate of production of

sion correction factor, ( € = 1.0 for silicon) and Np gives the number
of nuclei in the gold foil. The average microscopic cross section over
the thermal portion of the reactor neutron spectrum is given by
<:Z?;::>th . Similarly, the effective microscopic cross section for
neutrons with energy greater than 0.4 ev (the cadmium cutoff) can be

expressed as;

@
<GCa >epi = f —&—K—L—O—E E e (4)

E=0.4 ev

C. Electron Irradiation

Electron bombardment was performed at Wright-Patterson Air Force
Base in Dayton, Ohio, with a one MeV Van de Graaf generator. Relatively
high energy electrons (0.9 MeV) were used so that the flux directed into
the diode samples would not vary excessively over a penetration depth of
about 0.1 mm. The range of the 0.9 MeV electrons is approximately 1.4
mm in silicon. A dose correction factor was calculated and presented in
Chapter IV. Figure 8 outlines the bombardment technique.

The size of the electron beam was adjusted electrostatically to
the approximate area of the sample. By employing a Faraday cup, the
electron flux was fixed at 1 x 1017 electrons/(area of diode)-hr so that

exposure times ranged from three to twenty minutes. The sample
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n side
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Fig. 8.--Electron bombardment of the diced diode.

Arms suspend lower

portion of "T'" in oil To power supply

Phosphor Bronze

Diodes slip between clips

Fig. 9.--Jig designed to hold several diodes in a constant
temperature bath,
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temperature rise was limited to less than 10°C (above room temperature)
by passing compressed air over the diode during irradiation.

Because of the finite range of the electrons in silicon, the
diodes were bombarded on the n-side and without nickel contacts, as is
illustrated in Figure 8. Following the electron bombardment, nickel

contacts were applied as outlined previously.

D. Gamma Irradiation

Gamma irradiation was performed with the Phoenix Project 10,000

curie Co60 source. The irradiation was straightforward with the diodes

placed in the center of 0060 rod assembly. The dose rate was 925 kilo-
rads per hour and exposure periods ranged from ten to several hundred

hours.

E. Lithium Drift and Diode
Capacitance Measurement

The field present in a reverse biased diode is sufficient to
move the lithium ions as described in Chapter II. The movement of the
ions and the formation of lithium-vacancy precipitate cause the junction
capacitance to decrease. Measurement of the junction capacitance with
respect to time provides a method to investigate the precipitation
process in irradiated silicon. The data is obtained in the following
manner:

To drift the lithium in the junctioms, several were held in a
constant temperature bath of transformer oil under reverse bias with a

jig constructed of teflon and phosphor bronze (see Figure 9). The
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transformer oil provided a medium for good heat transfer yet high elec-
trical resistivity. Parallel circuitry allowed a reverse bias to be
applied to many diodes with a single D. C. power supply.

The diode capacitance was measured one at a time outside the
bath using a Tektronix direct reading bridge and a 90 volt battery to
supply the bias. The internal capacitance of the battery was blocked
from the bridge so that it did not mask the junction capacitance. A
0.5 henry choke in series with the battery stopped all but 5% of the
bridge signal making it possible to balance it with the battery con-
nected. The bridge was recalibrated from time to time with precision
capacitors in the range of 5 pf to 500 pf.

The capacitance of each junction was measured and recorded
chronologically for periods up to 1000 hours. Analysis of these results

is presented in the following chapter.



CHAPTER IV

ANALYSIS AND DISCUSSION OF RESULIS

A. Determination of Lithium Mobility in
Boron Doped Silicon

It was requisite to determine the mobility of lithium in boron
doped silicon not only to select material in which lithium boron pairing
would not interfere with the lithium-vacancy precipitate, but to insure
that the results of measurement and analysis compared favorably with
previously reported values of lithium mobility. With this in mind, the
following results on boron doped silicon are presented.

A typical plot of (103/C)2 versus drift time is given in Figure
11 (the control sample) for 100 ohm-cm boron doped silicon drifted at
30°C with a reverse bias of 100 volts. The value of the slope of the

12

curved inserted in equation (83) gives }L = 8.2 x 10~ cm2/volt-sec

for the mobility of lithium in the sample. The diffusion coefficient

obtained from the Einstein relation

e (D

is D = 2.5 x 10"13 ¢cm?/sec. The sample, in which the number of boron

atoms was 1.6 x 1014 atoms/cm3, did not reduce the lithium diffusion

46
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coefficient beyond its range of values in intrinsic silicon for tempera-

° 1’
tures above 30°C.

This is shown in Figure 10 with the lithium diffu-
sion coefficient for silicon containing larger amounts of boron.
Consequently, lithium-boron pairing will be considered negligible com-
pared to lithium-vacancy precipitate in reducing the diffusion
coefficient.

The curves for the diffusion coefficient shown in Figure 10 con-
firm the theory of ion pairing developed in Chapter II. From the ratio
of the diffusion coefficient in boron doped silicon to the diffusion

coefficient in intrinsic silicon at the same temperature, the fraction,

P/N, can be calculated.

P/N

1 - [/ (2)

or

Q

P/N D/D° (3)

]
w—h
I

After calculating P/N from equation (3), the equilibrium con-

stant for ion pairing, Kp’ can be found from the quotient,

N1 - p/N]? (4)

Finally, utilizing equation (II-41), the distance of closest approach,

(a), can be calculated for the lithium boron pair. Results of this
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Fig. 10.--Effect of boron concentration on lithium diffusion
coefficient in silicon.
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calculation show that (a) ranges from 2.5 to 2.7 K. Calculated values
of K.p using equation (II-41) with a = 2.5 X compare favorably to values
calculated with equation (4) for all temperatures between 30°C and

3
150°C.

B. Lithium Mobility in Neutron
Irradiated Silicon

Following neutron irradiation the samples were drifted at vari-
ous temperatures. In general, three of the four diodes cut from a
single wafer were irradiated while the fourth was kept for control. The
results of all drift measurements were discarded if the lithium diffu-
sion coefficient calculated from the control sample data did not fall
within the range of values for intrinsic silicon shown in Figure 10.

Figure 11 illustrates a representative plot of (103/C)2 versus
drift time for neutron irradiated diodes. The initial rapid rise of the
curve is typical and represents an effect caused by vacancies formed in
the immediate junction area. The lithium in the junetion tends to move
during irradiation because of the built-in-field present. As it moves,
the lithium will precipitate at vacancy sites and produce an intrinsic
area in and near the junction. Hence, the initial drift rate of the
lithium in the irradiated silicon will be identical to its drift rate in
unirradiated intrinsic silicon.

As the junction widens during the drifting period, the lithium
advances into the p-side of the junction, hence the slope of the curves
shown in Figure 11 decreases and remains constant at a lower value than

the unirradiated sample. In this region the lithium-vacancy precipitate
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reduces the effective mobility of lithium, and the quantity g_(103/0)2
dt

is measured to be used in the determination of the lithium diffusion
coefficient.

To substantiate that the mobility of lithium is being reduced by
lithium-vacancy precipitation in the p material rather than some phenom-
ena caused by an irradiated junction, the following annealing study was
performed.

Three junctions were bombarded with 2.2 x 1014 epithermal
neutrons/cmz. Two of the samples were heated to 400°C for five minutes
and ten minutes, respectively. Afterwards, the three junctions were
drifted at 100°C under reverse bias (50 volts) simultaneously with an
unirradiated junction. Upon termination of drifting, which was con-
tinued for more than ten hours, the previously unheated irradiated junc-
tion was heated to 400°C for five minutes and then redrifted at 100°C
with 50 volts reverse bias. The results are shown in Figure 12. Some
annealing of the vacancy defects was observed because the slopes of
curves C and B are greater than the slope of curve A; however, the
slopes of these curves are far less than the unirradiated sample.

Heating of the irradiated diodes diffuses the lithium deeper
into the crystal creating a new junction. Because the mobility is
reduced in irradiated samples with junctions created after irradiation,
the reduction must be due to lithium-vacancy precipitation.

The relative effects of fast and slow neutrons on the lithium
drift rate is shown in Figure 13. Samples A and B were irradiated with

and without a cadmium wrap. No measurable difference in the slopes of
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Fig. 13.--Relative effect of thermal and epithermal neutrons on
lithium drift in silicon.
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the two curves was observed. Consequently, the mobility of lithium in
silicon appears to be dependent only on the fast neutron flux and pos-
sibly high energy gamma radiation present in the reactor.

In another study, junctions were exposed to eighty megarads of
Co60 gammas and then drifted. No observable change in the performance
of the diodes was found, so it appears that the primary effect on the
diodes irradiated in the Ford Nuclear Reactor was due to epithermal
neutrons.

For exposure to 1 x 1015 neutrons/cm2 the junction capacitance
fell to zero during irradiation and the diode could not be drifted.

During intermediate exposure (3 x 1014 to 1 x 1015

neutrons/cmz) the
capacitance increased; however, this did not appear to affect the
results of the subsequent drift, Nevertheless, exposures in which the
capacitance of the junction increased were avoided, and were not used to
determine the lithium mobility.

In the calculation of the lithium mobility and diffusion coeffi-
cient the assumption was made that the entire voltage placed across the

diode was applied across the actual junction. This was verified by

using

R = ip (5)

in which (f)) denotes the resistivity of the material = 100 ohm-cm, (R)
is the resistance of the sample, (A) is the area of the sample = 0.35

cmz, and (d) represents the thickness of the sample = 0.15 cm. maximum.
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Therefore, the maximum possible resistance of the bulk material in the
diode is, from equation (5), 43 ohms. The current flowing through the
diode under reverse bias was, at most, a few milliamperes giving 0.08 as
the maximum voltage drop across the bulk p region. This is negligible
compared to the reverse bias of 100 volts.

The change in resistivity of the p type material following
neutron irradiation is also negligible. A study by Cleland, et al
demonstrates that no appreciable change in conductivity ( G = l/f) )
occurs in p type silicon when the fast neutron flux is less than 1 x

16 fast neutrons/cmz. The maximum dose given to any sample in this

10
work was 2.7 x 1014 neutrons/cmz.

The results of the neutrons irradiation are summarized in
Table 1 and Figure 14. A further discussion of the lithium-vacancy pre-

cipitate will be presented following the introduction of data from elec-

tron bombarded samples.

C. Lithium Mobility in Electron
Bombarded Silicon

Typical results for lithium drifts in electron bombarded diodes
are presented in Figures 15 and 16, Figure 15 illustrates the relative
response of the electron bombarded samples with respect to an unirradi-
ated sample, while Figure 16 is a representative plot from which the
slope, Q_(103/C)2 was measured., Summary of the lithium diffusion coef-
ficient i; shown in Figure 17 and tabulated in Table 2.

The diodes could not be irradiated isotropically because the

5
range of the 0.9 MeV electrons in silicon is 0.14 centimeters ,
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TABIE 1

LITHIUM DIFFUSION COEFFICIENT IN
NEUTRON IRRADIATED SILICON

Exposure Lithium Temperature Inverse
Diffusion Temperature
# fast Coefficient
neut/cm cm?/sec °C (°K) ~ 1
1.1 x 1014 2.59 x 10714 65 2.96 x 1073
1.1 x 10 7.23 x 10 % 78 2.85 x 107>
1.1 x 10° 3.86 x 10 - 100 2.68 x 107>
2.4 x 101 1.03 x 1071 65 2.96 x 107>
2.4 x 107 3.24 x 104 78 2.85 x 107>
2.4 x 10M% 1.61 x 10713 100 2.68 x 1073
2.4 x 10 1.53 x 10712 140 2.42 x 1073
2.7 x 10* 6.41 x 10 1° 65 2.96 x 107>
2.7 x 1014 2.42 x 10714 78 2.85 x 1073
2.7 x 10 1.09 x 10 2 140 2.42 x 107>
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Fig. 1l4.--Effect of fast neutron bombardment on the diffusion
coefficient of lithium in silicon.
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Fig. 15.-—(103/C)2 versus drift time for electron bombarded
diodes.
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Fig. 17.--Effect of electron bombardment on the lithium
diffusion coefficient in silicon.
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TABLE 2

LITHIUM DIFFUSION COEFFICIENT IN
ELECTRON BOMBARDED SILICON

Electron Relative Electron Average Inverse
Flux at Intensity Flux in Diffusion Temperature
Diode Factor Junction Coefficient

;zzi%ce #/sz cmz/sec (°K<)-1
5.0 x 10%° 0.93 4.65 x 1017 1.0 x 10714 3.3 x 1073
8.3 x 10°° 0.93 7.73 x 10%° 7.0 x 10°%° "

1.17 x 10'® 0.93 1.09 x 1018 4.63 x 10717 "

1.67 x 10%° 0.93 1.55 x 1018 3.24 x 10717 "

2.5 x 1048 0.93 2.33 x 10%° 1.94 x 10 F° "

3.33 x 10° 0.93 3.10 x 10%° 1.32 x 1072 "

5.0 x 102 0.92 4.60 x 10%° 3.02 x 10°* 3.2 x 1073
8.3 x 10°° 0.92 7.64 x 1040 2.33 x 10714 "

1.17 x 100 0.92 1.08 x 10%° 1.37 x 10°1% "

1.67 x 10°° 0.92 1.53 x 10%° 1.15 x 10714 "

2.5 x 10°° 0.93 2.33 x 10%° 5.70 x 10712 "

3.33 x 100 0.93 3.10 x 10°° 4.32 x 10717 "

5.0 x 101° 0.90 4.50 x 10%° 1.71 x 10713 3.09x 1073
8.3 x 100° 0.91 7.55 x 1057 1.32 x 10713 "

1.17 = 10%® 0.91 1.06 x 100 9.60 x 1014 "

1.67 x 10°° 0.92 1.53 x 108 5.09 x 107 1% "

2.5 x 101° 0.93 2.33 x 1010 2.39 x 10714 "

3.33 x 101° 0.93 3.10 x 1010 1.77 x 10714 "
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equivalent to the sample thickness. Because the diodes were bombarded
on the n-side the lithium drifted into an area of diminished electron
exposure. This effect was compensated by determining the average depth
of the lithium penetration and then finding the relative intensity fac-
tor, (I/IO), from a range-energy curve.5 The relative intensity factor
is tabulated in Table 2, along with the electron flux incident on the
surface of the sample, Io. The minimum relative intensity factor was
0.90 which corresponded to an average lithium penetration of 0.015
centimeters. The corrected electron flux will be used in the following

analysis of the lithium-vacancy precipitate.

D. Analysis of the Lithium-Vacancy
Precipitate

This section presents evidence that the lithium is precipitated
at the vacancy site rather than pairing with the vacancy. The precipi-
tate behaves as an insoluble salt in silicon and is in equilibrium with
the lithium ion and the icnized vacancy.

A hypothetical lithium-vacancy pair would have the following
dissociation and equilibrium relations as developed in Chapter II.

P =% Li° + D

(6)

P/N _ NK (7
[ 1-2p/n)?

The quantity P/N can be calculated from experimentally deter-

mined values of the lithium diffusion coefficient.
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P/N = 1 - p/D° (8)

In the above equation (D) represents the diffusion coefficient in irra-
diated silicon and (D°) denotes the diffusion coefficient in intrinsic
silicon.

To evaluate equation (7), the quantity zi—¥£%7ﬁy2 is plotted
versus (N) for a constant temperature. Although the number of vacancy
sites, N, is unknown, it is equal to a constant times the incident elec-

tron or neutron flux.

N = EENE (9)

or

N = gNNN (10)

P/N
Because Kp is a constant, ?z———;7§;2 must be a linear function

of Np or NN' As is illustrated in Figure 18 and Table 3, a plot of
H%%Wz versus NE is not a straight line, hence, €Elﬂ> is not a
constant and the theory of pairing does not correctly describe the
lithium-vacancy interaction. This result is confirmed by calculating
the distance of closest approach, (a), of the hypothetical pair from

equation (1I-40).

r
P/N = 4ﬂ£;NE.l. r2 exp[qz/KkTr] dr (11-40)
a
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Fig. 18.--A plot of T%Llj—Pﬁ]TZ versus Ng.
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TABLE 3

CALCULATIONS FOR THE ION PAIR MODEL:

P/N =
L7 Ng ke

Temperature: 30°C
Electron bombarded s les

D3g = 4.7 x 10-14 cn?/sec.
Electron D/D° P/N P/N
Flux, Ng = 1 - p/m?
#/cm (1 - P/N)
4.65 x 107 0.213 0.787 17.4
7.73 x 10°° 0.149 0.851 38.3
1.09 x 10'® 0.0985 0.9014 92.8
1.55 x 1010 0.069 0.931 195.1
2.33 x 10%° 0.0413 0.9587 560.0
3.10 x 100 0.0281 0.9719 1240.0
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Assuming arbitrary values of gE from one to ten, and using
the data for the electron irradiated silicon samples, calculations with
equation (II-40) produces values of (a) between 2.6 and 15 K. These
excessively large values indicate that the expressions for ion pairing
do not apply to the lithium~vacancy interaction.

In addition to the simple model of ion pairing in which the pair
is formed with one lithium and one vacancy, the following more complex

dissociation models were calculated and found unsatisfactory:

P == it + o
P == 21t + DT
P == uit + »p°
‘1;)1; + uit

In the last model listed above, each defect is considered doubly
ionized and pairs with lithium with two different equilibrium constants.

Considering the lithium-vacancy precipitate as an insoluble salt,
as discussed in Chapter II, the following expressions describe the rela-

tionship between the solute and the lithium ions.

—> .t -

[1-8s/N] = Kg/N (12)
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The quantity S/N can be calculated from experimentally deter-

mined values of the lithium diffusion coefficient.
S/N = [1-p/m° ]
(13)

To determine whether or not lithium precipitates at a vacancy
site, (1 - S/N) versus 1/N is plotted for a constant temperature. As
noted previously, N = é;NE or = é;NN. Because K; is a comnstant,
(1 - S/N) must be a linear function of 1/NE or 1/NN. As is illustrated
in Figure 19 and Table 4, a plot of (1 - S/N) versus 1/Np is a straight
line. It can then be concluded that the lithium precipitates at the
vacancy site,

Results from all the neutron and electron irradiated samples are
displayed in Figure 20, The lithium was drifted in the electron irradi-
ated diodes in the following sequence: 30°C, 40°C, and 50°C. The junc-
tion capacitances ranged from below 20 pf during the 50°C drift to above
50 pf during the 30°C drift. Difficulty in obtaining accurate measure-
ment of capacitances below 20 pf was responsible for the scatter in the
data between 40°C and 50°C displayed in Figure 20.

Quantitative measurements cannot be made for the number of
vacancies produced per incident radiation; however, the relative effect
of neutron and electron irradiation can be determined from the amount of
radiation necessary to decrease the lithium diffusion coefficient to the
same value at a given temperature. From Figures 14 and 17, it can be
seen that at 30°C (1/T = 3.3 x 10-3) the diffusion coefficient is the

14 16

same for a dose of 1.1 x 10 fast neutrons or 3.3 x 10 electrons.
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TABLE 4

CALCULATIONS FOR LITHIUM-VACANCY PRECIPITATION:
a-sm = K/EN

Temperature: 30°C
Electron bombarded samples
D;O = 4.7 x 10714 cm?/sec.

Electron 1/NE D/D°
Flux

#/cmd cm?/# (1 - S/N)
15

4.65 x 10 21.5 x 10”17 0.213

7.73 x 1015 12.9 x 10"V 0.149

16 -1
1.55 x 10 6.5 x 10 7 0.069

2.33 x 100 4.3 x 107 0.0413

3.10 x 1018 3.2 x 10”17 0.0281

l 1.09 x 1010 9.2 x 1077 0.0985
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Fig. 20.--A plot of (1 - S/N) versus 1/Ng or 1/NN for all data.
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o _ (¢] ' o !
Dy = Dy (1 - S/N) = D o Ks . Dy Ks
R NN o
6 14 14
Ng= 3.3x10 Ny= 1.1x10
N
N = __E = 3.3 x10'®
E Ny T 14 (15)
1.1 x 10
N —_—
a 300 (16)

The ratio of the number of defects produced per incident fast
neutron, gN » to the number of defects produced per incident 0.9 MeV

electron, éE » is, from radiation damage theory,

- Ny /Dty L Nsi Oy Wy = OnWx
E Vg / gty Ns; O Vg O lg (17)

In equation (17), Ny represents the number of defects produced
by fast neutron irradiation, CDN is the fast neutron flux, and ty
denotes the reactor exposure time. Similarly, Ng, represents the number
of defects produced by 0.9 MeV electron bombardment, CDE s, is the
electron flux, and ) is the length of the electron bombardment. The

quantity Ng; is the number of silicon atoms/cm> and Oy and Op
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denote the cross section for displacement for fast neutrons and 0.9 MeV
electrons in silicon. Finally, Lﬁ. is the number of displacements
produced in the silicon per neutron interaction, and L@: is the
number of displacements produced in silicon per electron interaction.
The fast neutron displacement cross section has been experimen-
tally determined to be 1.7 barns,6 and the displacement cross section

for 0.9 MeV electrons can be calculated from the expression below.

47 a

Cr

2 2

H 2 -ﬂ-—ifﬁif— (18)
Mé 1

The nomenclature for this relation is as follows:

ay is the Bohr radius.

Z1 is the charge of the electron in units of (1.6 x 10-19

coul.).
Z, 1is the charge of the silicon nucleus.

M, 1is the mass of the electron.

M2 is the mass of the silicon atom.

IH is the ionization energy of hydrogen.

E1 is the energy of the incident electron.

E, is the displacement energy in silicon. Ej = 25 ev.

The quantity (Zé calculated from equation (18) for 0.9 MeV
electrons in silicon is 11.2 barms.
The number of displacements produced in silicon per neutron

8
interaction can be calculated from the expressions,
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U = Tm/ 2By
Tm = 4 (0.58) (19)
A

In the above expressions, Tm is the mean energy of the primary knock-on
silicon atom, and A is the atomic mass of silicon. Calculated values
for lyy and fm are 1660 and 83 KeV, respectively.

Finally, be can be determined from the relation,

v = 1| _m 1+ La(Ty/2E,)
TmEy (20)
- 8
For electrons, T, is,
s 2
T, = 2] E,_+ 2M ¢ ] E,
2 (21)
M. c
2
Using equations (20) and (21), calculations show that VE = 1.2 and

—'fm = 125 ev for 0.9 MeV electrons in silicon.
Inserting the values calculated from expressions (18) to (21)

into equation (17), the ratio fN / §E can be determined,

S

‘EN/fE = ZN = 1.7 x 1660 = 210
Cr Y& 1.2 x 1.2 (22)
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This quantity, based on radiation damage theory, is in reason-

able agreement with experiment.

Compare equation (22) to equation (16).
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CHAPTER V
CONCLUSIONS

Investigations reported in this study indicate that the mobility
and diffusion properties of lithium in single crystal silicon are criti-
cally dependent on the number of radiation induced vacancies. Moreover,
the lithium is precipitated at defect sites rather than becoming paired
to vacancies. Lithium precipitate is atomic; however, a paired lithium
is an ion.

The mobility of lithium {n irradiated silicon was drastically
reduced because of the precipitation of the lithium at immobile vacancy
sites. The effective lithium diffusion coefficients in irradiated sili-
con are shown in Table 5.

The diffusion coefficient in irradiated silicon is inversely
proportional to the dose. The diffusion coefficient in boron doped

1
/2 due to the formation of ion pairs.

silicon is dependent on (NB)-I
Table 5 reveals that (D) is more temperature dependent (larger negative
exponential coefficients) in irradiated and boron doped silicon than in
intrinsic silicon. This can be explained as follows: Lithium diffused
into intrinsic silicon forms no pairs and does not precipitate so the

amount free to move is constant. Lithium diffused into irradiated or

boron doped silicon forms pairs and precipitates, hence, the amount of

75
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TABLE 5

LITHIUM DIFFUSION COEFFICIENTS IN IRRADIATED SILICON

R

e e ——
Type of D Dose Boron Temp.
Silicon 2 Conc. Range
cm”/sec #/c;g2 #/cm> °K
2
Intrinsic - - -- 300-400
2.3 x 10 3 e-'o'66/kT
14
Boron Doped 3.0 x 108 ~0.80/kT -- 1x10 275-333
._‘_—j_—— e t017
N2 1x10
B
Fast Neutron 7.0 x 1012 (=0-83/KT 1x1014 below 300-410
Irradiated N, to
N 3x10%% 1x101%
Electron , o18 .03/kT 1x1010 be low 300-330
Irradiated Nx t°18 14
(0.9 MeV) E 2x10 1x10

*, . P . .
Thermal neutron irradiation does not alter the diffusion prop-
erties of lithium in silicon.



77

lithium ions free to move is equilibrium with the pairs or precipitate.
The equilibrium concentrations are temperature dependent, consequently,
the diffusion coefficient in silicon where pairs or precipitates are
present has increased temperature dependence.

The effective lithium diffusion coefficient for electron bom-
barded silicon has greater temperature dependence than neutron irradi-
ated crystals. This can be explained in the following manner. Wertheim
has shown that in electron irradiated silicon the interstitial will not
be driven more than a few atomic distances away from its parent vacancy
during a primary collision for most energy transfers.3 The lithium ion
experiences a dipole effect and the lithium precipitate is under the
influence of the nearby interstitial, consequently, its interaction
strength may be weakened. 1If this is the case, the precipitate will be
less stable, hence the effective lithium diffusion coefficient will have
a greater temperature dependence. This phenomena does not occur with
neutron irradiated samples because the interstitials are driven far from
the vacancies. Clustering occurs; however, the average distance between
the interstitial and the vacancy will be large compared to the separa-
tion of the Frenkel pair created by electron bombardment.

The drifting characteristics of lithium in irradiated diodes was
drastically altered. Evidence that the lithium moved during irradiation
was displayed by the large initial slope of the drift curves. Initially,
the rate of decrease of the junction capacitance is the same for irradi-
ated as it is for intrinsic silicon. This indicated that the lithium

precipitated at the vacancies in the junction region produced an
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intrinsic zone. However, as the lithium drifts out of the junction, its
mobility is governed by the number of defects produced in the bulk sili-
con, and the slope of the drift curve decreased to a constant but lower
value. The action described above occurs with both electron and neutron
irradiated diodes. No change in the drift characteristics was experi-
enced by diodes irradiated with Co®® gammas.

An annealing study eliminated the possibility that the change in
the effective mobility of lithium was caused by an anomalous junction
effect. Reheating the diodes after irradiation caused the lithium to
move farther into the crystal thereby establishing a new junction.
Because the drifting properties of the newly formed junction were iden-
tical to unheated diodes, the cause of the altered drift characteristics
was ascribed to defects produced in the bulk region of the crystal.

The results of conductivity measurements indicated that the
irradiation does not alter the resistivity of the bulk silicon suffi-
ciently to affect the drift measurements.

The measurement of the lithium mobility in irradiated silicon
does not offer quantitétive information about the number of defects pro-
duced per incidemnt, fast neutron or electron. The information provided
by these measurements does, however, allow a relative measure of the
vacancies produced by fast neutrons and electrons. The number of
vacancies produced per incident fast neutron divided by the number of
vacancies produced per incident 0.9 MeV electron was found to be 300.
This is in reasonable agreement with a value of 210 calculated employ-

ing radiation damage theory.
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The primary purpose of this study was to investigate the motion
of lithium in irradiated silicon. However, it has some practical
significance.

The widely used lithium drift detectors are slowly damaged by
the same radiation they are employed to detect. The constant bombard-
ment of electrons and neutrons in the detectors produce defects in the
space charge region and the subsequent rearrangement of lithium reduces
the detector resolution. Because of the stability of the lithium-
vacancy precipitate, the sensitive junction area can be rejuvenated by
redrifting the damaged detectors.

It was thought that during the redrift process the defects
annealed. Silicon defects do not anneal appreciably below 200°C; there-
fore, annealing of defects during redrift at 150°C is unlikely. This
study shows that, during the redrift of damaged detectors, lithium pre-
cipitates at vacancy sites creating neutral complexes which are stable
and do not disturb the space charge region.

The lithium mobility is reduced in the redrifted junction. This
may cause the redrifted detector to be more stable and less susceptible
to radiation damage than a new detector because the rearrangement of the
lithium takes place at a slower rate. In fact, it may be possible to
create many other radiation resistant semiconductor devices by employing

irradiated silicon and lithium.



APPENDIX A

QUANTITATIVE DESCRIPTION OF THE SEMICONDUCTOR
WATER ANALOGY!

The equilibrium relation for the hydrolysis of water is,

[Ht] [0H"] = K = 107 (mole/liter)? (¢))
For pure water [H'] equals [OH'],
(wt] = [0H"] = 10 (moles/liter) (2)

Because one mole equals 6.03 x 1023 ions, equation (2) is

4+ 13 .

[H] = 6.03 x 10 (ions/liter) (3)
The enthalpy change, [XH, for the hydrolysis is 13,300 Kcal/

mole at 300°K. This quantity can be expressed in terms of ev/ion by

using the conversion factor one ev/molecule = 23.05 Kcal/mole. So AH

for the hydrolysis is,

Ag = 0.58 ev/ion (4)

No

For pure silicon the corresponding equilibrium relation for electron-

hole recombination and generation is

[et] [e7] 1.4 x 1026 (elec/liter)2

|
~
0

or

[e+] [e™] K = 4 x 10-22 (mole/liter)2

80
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[et] = 1.2x10]'3 elec/liter
or
[e+] = 2 xlO”11 mole/liter

The enthalpy change AH per electron or hole is equal to the

band gap, 1.1 ev. In terms of Kcal/mole this is,

._A_l‘l_ = 25.2 Kecal/mole
No

The values calculated above are presented in Table 6 with values

for germanium and water.
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TABLE 6

COMPARISON OF SILICON AND GERMANIUM TO WATER

b e 3

Silicon Germanium Water
Positive ion or hole [e+] [e*] 34l
Negative ion or electron [e7] [e7] [OH™]
Ion product (moles/liter)2 4x10~22 2.2x10°15 1x10”14
Concentration of ion 11 -8 -7
or hole in pure material 2x10° 4.7x10 1x10
Acid condition p-type p-type HCZH302
boron doped boron doped
Basic condition n-type n-type NHAOH
phosphorus phosphorus
doped doped
Au  (Rcal/mole) 25.2 16.6 13.3
Ar  (ev/ion) 1.1 0.72 0.58
€ , dielectric constant 12 16 80
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APPENDIX B

SAMPLE CALCULATIONS

Equation (II-83) gives the lithium mobility in terms of the

slope of the drift curve, d_(103/C)2.

Wy
X
K€

4 (10%/c)y?
dt

dt

o= x[x-z/mw ] a(10%/0)?
2v at (1)

junction capacitance (pf)

2D°t°/xo (cm/sec)

reverse bias (volts)

average width of junction expressed in units of 103/C
K € Ax10° = 1.0624 x 1073, A in cm’

1.062 x 10" cou1?/n-n?

slope of drift curve 1/pf2 - sec?

lithium diffusion coefficient in silicon at 420°C

diffusion time

distance from surface of crystal to junction. This is the
point where N;; = Ny as shown in Figure 3.

The distance from the surface of the crystal to the junction,

X, must be calculated in order to find Z. The quantity (xo) can be

found from equation (II-59),

1
NLi = N, erfc [ x/2(Doto)7] (2)

83
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by applying the expansion
2 2
erfc x = e ™ - e X i (3)
x\x' 2x3ﬁf“
1 -x2/4D t
NLi = 2(Dutu) No o”o 4)
xv;‘
In the above equation, N, is the number of lithium atoms per cm3
at the surface of the crystal. At x,, Nj; = Ng.

2
e ~Xo/4D,t,

=z N, - 5)
2(Dyt,)% N,
The logarithm of equation (5) is
n | x, T A Ln (Né/NO) I
2(Dyt,) 4B ¢, (6)
1/2
Let J be the quantity, xo/Z(Doto)
72 4+ WmJ + In (NB1T/NO) = 0
7)

For 100 ohm-cm silicon NB = 1.6 x 1014 boron atoms/cm3 and No is

1
018 lithium atoms/cm3. Trial and error solution of equa-

equal to 1 x 1
tion (7) with the above values for Ng and NLi yields a value of 2.60
for J.

The quantity, (Z), is

Z = 2Dt /x, = (Doto)%/J (8)
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2
For D, equal to 0.405 x 1077 cmz/sec at 420°C, and t, equal to four

minutes, (Z) is 1.58 x 1073 cm/sec.
A sample calculation can now be performed with equation (II-83)

using the data from diode #173A (see Figure 16).

L= EZ(X-z/,) 4 (10°/0)?
2V dt

1) Area in cm2 A, 0.3385

3 % 0.3385 = 0.3595 x 10”3

2) X =1.062 x 10~

3) Slope of drift curve (Figure 16) = 1.056 x 10~% sec-l

4) Average W = Wave = Wy (between 300 and 700 hours) = (103/C)2
at 500 hours = 17.03

5) Z/Wy = 1.58 x 1073/17.03 = 0.93 x 107%

6) Reverse bias, V = 100 volts

L = 3.595(3.595 - 0.930) x 108 x 1.056 x 1074
2 x 102

14

5.05 x 10~ cm?/volt-sec.

i

The diffusion coefficient is found from the Einstein relation,

D = ALkT
e
For diode #173A drifted at 30°C,
p = 5.05x107%(1.38 x 10723 (3.03 x 109
1.6 x 10719
D = 1.32 x 1071 cmz/sec.
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